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PERSPECTIVE OPEN
Safeguarding the microbial water quality from source to tap
Jorien Favere 1,2,4, Raquel G. Barbosa1,3,4, Tom Sleutels 3, Willy Verstraete1, Bart De Gusseme1,2 and Nico Boon 1,2✉
Anthropogenic activities and climate change can deteriorate the freshwater quality and stress its availability. This stress can, in turn,
have an impact on the biostability of drinking water. Up to now, the microbiological quality of drinking water has been maintained
through the selection of high-quality water sources allied to the use of disinfectants and the removal of organic carbon. But as
freshwater becomes richer in other nutrients, strategies used so far may not suffice to keep a steady and high-quality supply of
drinking water in the future. This article readdresses the discussion on drinking water biostability. We need to reframe the concept
as a dynamic equilibrium that considers the available nutrients and energy sources (potential for growth) relative to the abundance
and composition of the bacterial community (potential to consume the available resources).
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INTRODUCTION
One of the major challenges of the drinking water sector is to
guarantee the microbial safety and quality of the drinking water1.
Ideally, high-quality surface- or groundwater is collected and
subjected to a variety of physical, chemical, and biological
treatment steps, depending on the source water quality2.
Regardless of the applied treatment train, the aim remains the
same. Namely, to inactivate pathogenic microorganisms, to
remove chemical contaminations and organics, and to improve
the esthetic characteristics of the water. However, low levels of
microorganisms and organics persist in the treated water, and as a
result of biochemical and physical interactions during distribution,
drinking water may contain between 103 and 106 cells/mL at the
tap3. While the majority of these naturally present microorganisms
does not compromise the safety of the water for human
consumption, their regrowth may result in the deterioration of
the water quality, such as deviating odor and taste4, and lead to
technical problems5,6. In general, microbial regrowth in the
drinking water distribution systems (DWDS) highly depends on
the treatment applied to the source water but also on the source
water quality.
Over the last decades, Europe has made substantial progress to
improve the quality of freshwater bodies. The removal of
phosphate from laundry detergents7, the improvements in
wastewater treatment and the reductions in the agricultural use
of nitrogen and phosphorus8 contributed significantly to control
nutrient loading to waterbodies. Yet, despite the progress
achieved, 75% of the European waterbodies remain at ecological
risk9. In addition to water pollution, there is increasing evidence
that climate change will affect water supply and demand10. This
will be translated into more intense and longer droughts in some
regions and excessive precipitation in others11,12. Those events, in
turn, enhance the risk of decreased volumes of freshwater
resources for the coming decades13 and contribute to further
freshwater degradation.
For the time being, the impact of nutrient pollution and
groundwater scarcity may seem more relevant for developing
countries. Nevertheless, industrialized countries will also need to
adapt to the rapidly changing conditions. With decreasing
freshwater resources, nutrient-rich freshwater waterbodies14 and
greywater15–17 will need to be (re)used more frequently for
drinking water production to ensure the drinking water supply.
This might pose a point of attention in the near future, as the
increase in the concentration of nutrients in the raw water may
subsequently increase the nutrient concentration in the drinking
water, resulting in the potential regrowth of opportunistic
pathogens, overall regrowth, and further biofilm development in
the DWDS. This extensive regrowth may in turn exacerbate the
already challenging problems found in the DWDS, such as
clogging6 and corrosion5, and changes in esthetic features4. Also,
increasing temperatures have already been linked to changes in
water quality, either by promoting planktonic regrowth or
accelerating biofilm development18,19. Opportunistic pathogens,
including indicator organisms, have also been documented to
occur at higher temperatures20,21. In a scenario of climate change,
where bulk water temperatures and nutrient concentrations are
higher, the potential for regrowth is, therefore, also expected to
increase. In addition, the current prospects include increased
occurrences (and duration) of flooding events. During periods of
heavy rainfall, contamination between sewage and drinking water
pipes (particularly where water infrastructure is old), sewage
overflow, or bypass into local waterways is also possible22.
To circumvent external contamination and control naturally
present microbial (re)growth, residual disinfectants such as free
chlorine and chloramine are commonly added before distribution.
Those approaches are being challenged as the use of free chlorine
may induce the formation of by-products that can be a toxic
nuisance to humans23, and the use of chloramine may promote
the development of nitrifying bacteria5. The latter oxidize the
ammonia to nitrite and subsequently to nitrate. However, both
compounds can become toxic for humans23. In addition, some by-
products can also cause a deviating odor and taste (e.g.,
trichloroanisoles)24. This forms a driving factor for drinking water
utilities to avoid chlorination. In this context, water utilities tend to
strive more for biostability, which implies producing microbially
safe drinking water without the use of a disinfection residual25, as
already applied in different European countries such as Switzer-
land, the Netherlands, and Germany26–29.
When producing biostable water, microbial growth is controlled
by one or more disinfection strategies such as membrane filtration
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(e.g., reverse osmosis (RO)30), UV irradiation, ozone or AOP. The
latter is often applied in combination with extensive biological
treatment such as sand filters or biological active carbon (BAC)
filtration. To further avoid microbial regrowth during distribution,
focus is placed on organic carbon removal. Guidelines have been
proposed for assimilable organic carbon (AOC, <10 µg C/L in non-
chlorinated systems, <100 µg C/L in chlorinated systems) and
biodegradable dissolved organic carbon (BDOC, <150 µg C/L)
concentrations25,31,32, as this is considered to be the main limiting
nutrient for microbial growth in drinking water.
While this may be true for the majority of heterotrophic
bacteria, the exclusive limitation of organic carbon fails to address
autotrophic bacteria. Indeed, contrary to the common assumption
that organic carbon is the major problem to be addressed in
practice, different studies have reported a weak correlation
between AOC and the growth of invasive pathogens and have
instead suggested phosphate as another important limiting
nutrient in surface and drinking water33–35. In addition, microbial
drinking water quality is often checked by only regarding the
heterotrophic bacteria (e.g., HPC at 22 °C or 37 °C)36. However, as
phosphate and ammonium accumulate in surface water9 used as
a drinking water source, autotrophs may grow to unwanted
extents (e.g., Sydney, Australia37).
To understand and control microbial growth in DWDS it is
crucial to revisit the current concept of biostability. All things
considered, there is a clear gap between what is already known
from research and what is currently implemented in practice.
There is thus a need for a framework that connects both, as a
balance between complexity and feasibility with regard to future
challenges that will stress the water quality and availability. We
propose a new framework for redefining and managing biost-
ability, by regarding all growth-limiting factors for microbial
growth, including the energy availability, and by maximizing the
ratio of the number of microorganisms present to the nutrients
and energy available.
REVISITING THE CONCEPT OF BIOSTABILITY
WHO states that “water entering the DWDS must be microbially
safe and ideally should also be biologically stable”36. Biological
stability was primarily defined by Rittmann & Snoeyink as “the
inability of water or a material in contact with water to support
microbial growth in the absence of a disinfectant”38. However, in
our opinion, one can never achieve such true biostability, as a
microbial ecosystem is dynamic and always evolving, and the
perception of stability is limited by the technology being used to
study the ecosystem. For example, with the current scientific
knowledge, it is known that even when heterotrophic plate
count results are perfectly constant over time or throughout
distribution, there may still be considerable changes in the
microbial abundance. With the rise of direct and sensitive
approaches to monitor the microbial abundance and composition
in the network such as flow cytometry39,40 and sequencing
methods41, the challenge has thus shifted toward defining the
“degree of acceptable change”. A complete overview of the
current knowledge about biological stability in drinking water is
given by Prest et al1. Here, we try to address all aforementioned
challenges into a framework for biostability and we revisit the
fundamental aspects that govern it. From our point of view,
biostability implies stability of both the bacterial abundance and
bacterial community composition.
To define a stable bacterial community composition, the
main concept is based on microbial resource management42.
This means that we aim to steer the microbial community of the
water to a state that is resistant toward invasion and/or growth of
unwanted microorganisms, and does not show excessive
regrowth during distribution. More specifically, we are introducing
the r/K-strategist concept, which has, to the best of our
knowledge, not been applied to microbial drinking water
ecosystems yet (Fig. 1). This concept originates from macro-
ecology43, and has been expanded to microbial ecosystems such
as aquaculture44, soil45 and anaerobic digestion46. Although it may
“oversimplify” the ecosystem’s dynamics, the r/K-strategist con-
cept is preferred amongst other ecological concepts such as the
resource-ratio theory47,48 or C/S/R theory49 as it forms a balance
between practical feasibility and complexity. Within the r/K
framework, (micro)organisms are classified as either r-strategists,
characterized by a high growth rate at high nutrient concentra-
tions, or K-strategists, characterized by a high substrate affinity. In
drinking water, we consider the naturally present community
to consist out of K-strategists, whereas pathogens and indicator
organisms are rather classified as r-strategists, analogous to
applications in aquaculture50. Using this approach, biostability
can be achieved by steering the bacterial community toward
K-strategists through nutrient limitation. Also, research has shown
that by limiting the nutrients in the water entering the distribution
network, the biological activity in both the water and biofilm will
decrease and EPS production and subsequent bio-adhesion will
decrease6,51,52. Thus, by focusing on nutrient limitation as a
strategy to limit bacterial growth in the network, it is hypothesized
that this approach may also limit biofilm formation.
In terms of bacterial abundance, we aim to produce water that
contains a bacterial load close to the carrying capacity (M)53 of the
ecosystem, regarding all phases (e.g., bulk water, biofilm, loose
deposits). The carrying capacity is widely applied in ecology and
has been defined as the maximum number of individuals that a
given level of nutrients and environmental conditions (niche) can
support. In practice, this means that different initial densities of
certain species in the same drinking water are expected to reach a
certain carrying capacity, as based on the Gompertz growth curve
(Supplementary Fig. 1). The carrying capacity can be influenced by
a set of factors (such as availability of nutrients, space and
temperature) and the interactions between them. By aiming at
bacterial densities close to the carrying capacity, the energy
input to the ecosystem will approximate the maintenance cost of
the bacteria, and the net regrowth during distribution will be
limited54. In our concept, we consider the growth-limiting factor
etar ht
worg





Fig. 1 Growth rate of K- and r-strategists in function of the
concentration of growth-limiting factors. At concentrations lower
than the critical K/r threshold concentration [S] (blue), K-strategists
(naturally present bacteria) will dominate the community, whereas,
at higher concentrations, unwanted regrowth of r-strategists
(opportunistic pathogens and indicator organisms) can occur.
Adapted from De Vrieze et al46.
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concentrations (Fig. 2, x-axis) and the total bacterial abundance
(Fig. 2, y-axis) as the two main determinants for biostability.
The former comprises the available nutrients as well as electron
donors and acceptors necessary for the bacterial energy
metabolism27.
Two main conditions should be fulfilled for obtaining biostable
water, regarding the total bacterial load and total growth-limiting
factors concentration. First, the total nutrient and energy
availability (further represented as “S”) should be below the
threshold concentration to select for K-strategists and not induce
regrowth that can lead to water quality deterioration, and in
extreme cases pose health risks (e.g., regrowth of pathogens)55
(Fig. 2, point C). Secondly, the total bacterial load should be close
to the carrying capacity. If this is not the case, the system becomes
prone to invasion and microbial die-off will occur, and dead
biomass can become available as nutrients, resulting in necro-
trophic growth by pathogens such as Legionella pneumophila
(Fig. 2, point A)56. Hence, to become biostable, drinking water
should contain a relatively high amount of bacteria compared to
the amount of growth-limiting factors available (Fig. 2). When
compliant with these conditions, biostability can be defined as a
dynamic equilibrium in which a small increment of growth-
limiting factors above the lower threshold (S+ ΔS) leads to a
density increase (M+ ΔM) but falls rapidly back (to M) without
bringing along major disturbances in terms of bacterial abun-
dance and composition (Fig. 2, red and blue area, Supplementary
Fig. 1, green area). As shown in Fig. 2, biostability is defined as a
range determined by the boundaries explained above, wherein
changes within the bacterial community structure and abundance
as a response to environmental changes are allowed. For example,
growth as a result of normal seasonal fluctuations is in this respect
not considered as biological instability.
To implement the proposed concept of biostability in practice,
and to define the “degree of acceptable change”, a framework
for decision-making is necessary. This implies (1) network-
specific calibration to define the desired state of stability of
the microbial community, as we believe that the boundaries for
biostability will depend on the ecosystem’s characteristics, and
(2) defining the allowed deviation from that baseline state. More
specifically, we suggest the use of flow cytometry as a fast, even
online, and non-targeted technique to quantitatively (microbial
abundance, total cell counts) and qualitatively (microbial
community structure, flow cytometric fingerprinting) assess the
total microbial community’s stability57,58. A baseline state can
first be defined by validating the water quality using routine
parameters and methods. Based on the baseline flow cytometric
measurements, a threshold can be set on the total cell counts
and change in fingerprint (e.g., mean plus three times the
standard deviation)39,59. To account for progressive changes
such as normal seasonal changes, the use of a dynamic baseline
calculated by for example moving window analysis (MWA)60,61 or
moving endpoint analysis (MEA)62 is proposed. In this regard, the
total microbial community, here monitored using flow cytome-
try, serves as an indicator for the microbial water quality. When
deviations from the baseline occur, targeted approaches such as
selective plating, qPCR, or third-generation sequencing can be
used to further define if this deviation was related to the
proliferation of pathogens. Overall, this framework relies on
the development of a dynamic and network-specific threshold,
as the degree of acceptable change will depend on the drinking
water network and its location, water source, and infrastructure
in specific. Hence, it is difficult to impose general guidelines for
bacterial abundance or community structure. For example, up to
date, there are no general straightforward thresholds or upper
limits in the European Drinking Water Directive 98/83/EC63
regarding the total bacterial abundance. This is different
compared to bottled water, where an upper limit of e.g., 100
CFU/mL at 22 °C is defined. The proposed framework may thus
serve as an addition and guidance to the conventional methods
for evaluating the microbial water quality as required by the
regional/national law.
ACHIEVING HIGH-QUALITY SOURCE WATER
Both the source water quality and the water treatment are crucial
for the production of biostable drinking water. Eutrophication of
surface waters (in)directly stands as one of the major threats to the
water biostability. One of the most visible signs of excessive
nutrient inputs in surface waters are cyanobacterial blooms. Apart
from food web alterations and loss of diversity, large blooms often
lead to an increase in water turbidity, foul smells and clogging64.
Furthermore, drinking water productions often face the additional
challenge of removing toxins produced by cyanobacteria.
Taking into account the prospects for increasing and extended
eutrophication events, it is critical to develop and establish
sustainable technologies capable of removing nutrients from
surface waters to the microgram/L level, while maintaining an
ecologically friendly status. Popular methods such as constructed
wetlands65, artificial floating islands66, ecological floating beds67,
gravel-packed contact beds68 and pre-dams69, which rely on the
growth rate of plants and demand large areas of land, will most
often not be adequate or operationally affordable. Precipitation
as well as adsorption strategies, on the other hand, have
obtained very promising results. Both Phoslock, a lanthanum
modified bentonite that removes soluble phosphorus by forming
lanthanum phosphate precipitates70, and adsorptive materials71
can remove soluble phosphorus to levels below 10 µg/L. A












Fig. 2 The concept of biostability as a function of the potential
for growth and the potential to consume resources. The potential
for growth is measured as the concentration of growth-limiting
factors (x-axis), and the potential to consume resources is measured
as the bacterial load (y-axis). At a growth-limiting factor concentra-
tion below the threshold [S] (blue vertical line), selection favours the
K-strategists (see also Fig. 1). The microbial abundance should be
close to the carrying capacity M (red horizontal line). When these
two conditions are fulfilled, the relative amount of nutrients and
energy available for a bacterium (“per caput”) will be minimized
(yellow diagonal line). Biostable water must comply with these three
boundaries (green area). When a small change in bacterial or
nutrient concentration occurs, a biostable ecosystem should be
resilient (blue and red marked area around M and [S]). Three
situations of biological instability are illustrated. A A bacterial load
above the carrying capacity of the ecosystem will result in die-off,
resulting in a release of nutrient and (necrotrophic) growth. B A too
low bacterial load will result in overall regrowth. C A growth-limiting
factor concentration above the K/r threshold concentration will
result in regrowth of unwanted r-strategists.
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specific nutrient. Surface waters receiving nutrients from
agricultural runoff often exhibit high levels of phosphorus as
well as nitrogen. Hence, a combination of methods targeting
different nutrients is required to maintain microbial quality
regarding all growth-limiting factors. The latter concept is
applied in the field of food technology, where the microbial
stability and safety is based on a combination of several factors
(hurdles) that should not be overcome by the microorganisms
present72. Alternatively, biological strategies consider the limita-
tion of different available growth-limiting factors and are
therefore a promising route for obtaining a good ecological
status of surface waters. One recently available example is the
use of the autotrophic hydrogen oxidizing bacteria to treat
eutrophic water73. The use of a highly energetic electron donor
allows for the combined removal of nutrients such as phos-
phorus and nitrogen down to levels below 10 µg/L. Another
example is the self-sustaining in situ photo-microbial nutrients
recovery cell, which allows for the removal and recovery of
nutrients with simultaneous electricity generation and micro-
algae production74. In this way, excessive microbial growth can
be minimized resulting in a high-quality water source for
subsequent drinking water production.
BIOSTABILITY DURING DRINKING WATER TREATMENT AND
DISTRIBUTION
Drinking water treatment consists of different steps, which can
impact the biostability of the final drinking water by changing the
water characteristics in one or more ways1. Even though the
drinking water exiting the production utilities is most often of high
quality, microbial regrowth may still occur during distribution of
biologically unstable drinking water64. Most regrowth is observed
when using surface water as a source as on the one hand, the
nutrient concentrations are higher compared to groundwater, and
are not always sufficiently removed to avoid further regrowth
during distribution3. On the other hand, surface waters are
sometimes subject to extreme seasonal fluctuations, e.g., a higher
water temperature in summer resulting in more regrowth39,75,76.
To anticipate the increasing stress imposed on the water quality
and supply by climate change and population growth, the
drinking water quality at the exit of the production utility must
be biostable as defined in the proposed framework, to avoid
problems at the tap.
One interesting approach to remove nutrients and micro-
organisms to ultra-low levels at the end of the treatment train is
RO. RO is an emerging technology that physically retains bacteria
and nutrients by pushing the water molecules over a membrane
under high pressure. This technology is also applied for
desalination of brackish water or seawater, with retention
efficiencies up to 99.5%77, and performs even better when
preceded by complementary technologies such as ion
exchange78. Yet, because the concentration of microorganisms
is low relative to the growth-limiting factors in the filtrate, the
produced water is not always biostable as there are plenty of
niches available for microbial growth during the subsequent
distribution. Regarding the proposed framework, this means that
even though the concentrations are low in absolute amounts, the
nutrients and energy available per caput is high, allowing for
regrowth during distribution (Fig. 2, point B). For example,
bacterial growth in RO permeate showed a 2 log increase in a
lab-scale setup tested by Park & Hu79.
Biofiltration (e.g., activated carbon filtration) is often applied
after physicochemical treatment to avoid regrowth in the
distribution network and to remove trace pollutants80. This
treatment step is crucial for obtaining biostable drinking water,
as nutrients will be removed by a combination of adsorption and
controlled microbial growth on the filter. Furthermore, the
microbial community on the filter can have an impact on the
composition of the microbial community of the distribution
network81 (Fig. 2, point A). Also, biofiltration allows the
production of “microbially matured water” as used in aqua-
culture, by seeding the drinking water with a harmless naturally
present microbial community that is occupying all niches in
densities close to the carrying capacity of the water, hereby
favoring the growth of K-strategists (Fig. 1). This way, this diverse
microbial community controlling all growth opportunities, will
be less prone to pathogen invasion and environmental stress. In
addition, by changing the composition and concentration of
growth-limiting factors (nutrients or electron donors/acceptors),
the microbial community in the filter and the produced drinking
water (through seeding) could be steered toward a desired
composition or its functionality can be optimized to capture
nutrients selectively or to an overall larger extent. With regard to
the future, it is important to note that the water quality of the
source will affect the performance of the biofilter, as a high
nutrient loading may result in clogging or incomplete removal.
Hence, striving for biostability of the final drinking water includes
optimizing both the preceding multi-barrier treatment and the
biofiltration process itself.
After biofiltration, residual disinfection is sometimes applied to
suppress microbial growth during distribution. However, this
approach is detrimental to achieving biostability, as useful
microbial cells controlling the nutrients will be killed and the
ratio of active microbial cells over all bioavailable nutrients lowers.
Moreover, dead biomass will serve as a substrate for necrotrophic
regrowth in the distribution network42. As regrowth in drinking
water during distribution is almost unavoidable82, the production
of biostable water through extensive steering and control of
growth-limiting factors is preferred over the use of a disinfection
residual as it is a more sustainable and safer (e.g., absence of
disinfection-by-products) approach. Nevertheless, proper main-
tenance of the DWDS, clever engineering (e.g., to avoid longer
HRTs) and high-resolution monitoring of the microbial dynamics
becomes even more important to ensure the microbial water
quality at the tap39,40,83.
OUTLOOK
Creating biostable water is the way forward for controlling the
microbial water quality in drinking water from the source to tap,
and in industrial process- or cooling waters. We need to focus on
the things we can control, such as the concentration of growth-
limiting factors and microorganisms entering the distribution
network. In this respect, we should particularly deal with the ratio
of K-strategist microorganisms over the amount of available
nutrients and energy sources. That ratio must be sufficiently high
to prevent overall (re)growth and growth of unwanted r-strategist
pathogens in particular. In this respect, it is important to regard
the effect of not only the quantity but also the composition of
limiting nutrients, such as for example different carbon fractions,
on the biostability of the drinking water. Also, more research is
needed in understanding the relation between the planktonic
community, operational conditions and the detachment of
unwanted species from the biofilm, to avoid discomfort (e.g.,
odor or taste problems) or water quality issues at the tap. In
practice, interventions in terms of nutrient removal should take
place as early as possible in the water treatment chain to avoid
problems downstream. Also, high-resolution monitoring and
understanding of microbial (re)growth in production processes
and the DWDS remain of utmost importance to ensure the
microbial water quality at all times.
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